Pulsatile arterial load is mainly determined by large conduit artery stiffness. 1 Impaired buffer function of the aorta can increase aortic impedance and pressure, which in turn, affects normal ventricular-arterial coupling. This can lead to myocardial ischemia, 2 left ventricular (LV) diastolic dysfunction, 3,4 LV remodeling, 5 and eventually adverse clinical events. 6,7 LV peak strain, a measure of global systolic function, is altered before overt LV dysfunction. 8 Whether hemodynamic determinants of pulsatile arterial load-aortic characteristic impedance, arterial compliance, or wave reflection, 9,10 are associated with LV deformation has not been fully studied. Identifying the most vulnerable vector of LV multidirectional deformation in response to chronic alteration in arterial load will lead to a better understanding of arterial-ventricular interaction and improve assessment of risk for adverse cardiovascular outcomes.
Baseline demographics, medical history, and medications were ascertained from a standard questionnaire administrated by a study coordinator. Height was measured by stadiometer and weight by an electronic balance. Resting systolic and diastolic BP were measured with a random zero sphygmomanometer. Hypertension was defined as either systolic BP ≥140 mm Hg or diastolic BP ≥90 mm Hg at the study visit, or a previous diagnosis of hypertension and current treatment with antihypertensive agents. Diabetes was considered present if a participant had fasting glucose level ≥126 mg/dl or was receiving treatment with insulin or oral agents. Smoking (ever) was defined as having smoked more than 100 cigarettes in the past. Fasting glucose and creatinine were measured by standard enzymatic methods. Estimated glomerular filtration rate (eGFR) was calculated by the Modification of Diet in Renal Disease formula 12 : 186 × serum creatinine −1.154 × age −0.203 (× 0.742 if female) and chronic kidney disease was defined as eGFR < 60ml/min 1.73 m2).
Echocardiographic measurements and LV deformation analysis
Comprehensive 2D-transthoracic echocardiographic assessment was performed by experienced diagnostic cardiac sonographers using standardized protocols of the Mayo Clinic echocardiography laboratory and interpreted by a physician with level III training in echocardiography. LV wall thickness, volume, diameters, and ejection fraction were obtained by standard methods. 13 Three-beat cine-loop clips (frame rate >40 frames/s) of the apical long, 2-and 4 chamber views, parasternal short axis view at mid-papillary level were archived as standard Digital Images and Communications in Medicine (DICOM) images, and then analyzed off-line using Syngo Velocity Vector Imaging software (Syngo US workstation, Siemens Medical Solutions USA, Malvern, PA) to assess LV peak longitudinal, circumferential and radial strain. The LV endocardium was traced with 10-12 points, starting and ending at the atrioventricular valve annulus. Less negative strain values indicate worse LV systolic function. A positive value of radial strain indicates myocardial thickening. GLS was the average of peak strain from 3 apical views.
Pressure-flow analyses
All tonometry data were acquired on the day of the echocardiographic exam, with participants in the supine position with simultaneous ECG recording. Off-line pressure-flow analyses were performed using a custom-designed software capable of Fourier analysis (Cardiovascular Engineering, Norwood, MA) as previously described. 14, 15 Briefly, arterial tonometry of right carotid, and brachial arteries was performed by using a custom transducer (Cardiovascular Engineering, Norwood, MA). Carotid waveforms were signal-averaged using the R wave on the ECG as the point of reference and calibrated by brachial diastolic BP and mean BP. Aortic characteristic impedance (Z c ) was calculated in the time domain by dividing increase in the pressure by the corresponding increase in aortic volume flow in early systole (time-interval between when foot-flow is identified and when flow reaches 95% of its peak). Total arterial compliance (TAC) was calculated during the latter two-thirds of diastole using the area method. 16 Systemic vascular resistance (SVR) was calculated by dividing mean arterial pressure (mm Hg) by cardiac output (l/min) and then multiplying by 80 to convert to dyn s cm 5 . 17 Augmentation index (AI) was defined as the ratio of augmented pressure over central pulse pressure. 15 
STATISTICAL ANALYSES
Data were expressed as mean (SD) or median (quartiles) for continuous variables and as percentages for categorical variables. Zc, TAC, SVR were natural log-transformed to reduce skewness. Given previously reported sex differences in hemodynamic load, 3, 18, 19 sex-specific z scores of 4 measures of arterial load were used in regression analyses. The associations of measures of arterial load with LV strain were assessed by univariable regression analyses followed by multivariable regression analyses that included age, sex, heart rate, LV ejection fraction (LVEF), and all measures of load as covariates. Additional adjustment for hypertension, diabetes, smoking, chronic kidney disease, history of coronary heart disease, or stroke was also performed. Stepwise regression analyses were performed to identify the component of arterial load with the strongest association with LV strain, using backward elimination and minimal Bayes information criteria. Statistical significance was set as P < 0.05. All analyses were performed by using JMP (SAS Institute, Cary, NC). Intraclass correlation coefficient (ICC) with 95% confidence intervals (CI) was calculated using MedCalc software (version 12.4, Belgium).
Reproducibility of speckle tracking measures
Intra-and interobserver variability in measurements of speckle tracking were assessed in 30 randomly selected participants. Intra-and interobserver ICC (95% CI 
RESULTS

Participant characteristics
Of 660 participants who completed both noninvasive vascular and echocardiography evaluation, 11 had prosthetic valves, and 131 had LV images inadequate for strain analysis. This resulted in a sample size of 518 for the analyses. Participant characteristics at baseline are summarized in Table 1 . The means of LVEF and LV GLS were in the normal ranges.
Association of measures of pulsatile load with LV GLS
The measures of pulsatile arterial load were associated with GLS in univariable regression analyses ( Figure 1) ; with higher Zc corresponding to worse GLS, and higher TAC and AI corresponding to better GLS. The associations remained significant after adjustment for age and sex. Adjustment for heart rate (HR) attenuated the association of AI with GLS while the association of Zc and TAC remained significant (Table 2) .
In a multivariable regression model that included age, sex, HR, LVEF, mean arterial load-(SVR), and 3 measures of pulsatile load (Table 3) , Zc remained associated with GLS while the associations of TAC and AI were no longer statistically significant. The association of Zc with GLS remained significant after further adjustment for hypertension, diabetes, smoking, chronic kidney disease, history of coronary heart disease, or stroke (β = 0.27, P < 0.001). After stepwise backward elimination from a model including all the covariates listed above and measures of arterial load, 4 variables-Zc, sex, HR, LVEF remained associated with GLS (all P < 0.001, Figure 2 ). The mean impairment in GLS was 0.34% per 0.4 increase in log-Zc after adjustment for sex, HR, and LVEF.
We did not find measures of pulsatile load to be associated with LVEF or TAC to be associated with peak radial strain. Higher TAC was associated with better peak circumferential strain after adjustment for age, sex, and LVEF (β = −0.48, P = 0.04). Further adjustment for HR attenuated the association (P = 0.1). Higher AI was associated with better peak radial strain after adjustment for age, sex, HR, and LVEF (β = 1.12, P = 0.03). However, the association was no longer statistically significant after further adjustment for cardiovascular risk factors (P > 0.05).
Given that medication use may affect the associations of measures of arterial load with GLS, we analyzed associations of ACEI/ARB, beta-blocker, calcium channel blockers, and diuretics use with GLS (Supplementary Table 1 ). Only ACEI/ ARB use was associated with GLS. Measures of pulsatile arterial load remained associated with GLS after adjustment for ACEI/ARB use (Supplementary Table 2 ). Zc remained associated with GLS after adjustment for all covariates and ACEI/ARB use (β = 0.22, P = 0.03).
To assess whether measures of pulsatile load were associated with GLS independent of central or peripheral BP, we assessed associations with GLS after adjustment for peripheral SBP, DBP PP, central SBP, DBP, and PP, respectively. All associations remained significant (Supplementary Table 3 ). Zc remained associated with GLS after adjustment for covariates and BP measures (Supplementary Table 4 ).
Correlation of measures of LV strain and LVEF
A scatterplot sharing show correlations between measures of LV strain and with LVEF is shown in Figure 3 . Measures of peak strain in longitudinal, circumferential, and radial directions were correlated, and a better LV strain was correlated with higher LVEF. The correlation of GLS with LVEF was stronger than that of peak circumferential or radial strain with LVEF, based on by Pearson's r and 95% CI.
In multivariable regression analyses, the 3 vectors of peak strain explained 21% of overall variation in LVEF (P < 0.001 for the model). GLS and peak circumferential strain remained associated with LVEF (both P < 0.001) while the association of peak radial strain with LVEF was attenuated (P = 0.9). Given the correlation among the 3 vectors of LV strain, we assessed the association of Zc with GLS after additional adjustment for peak circumferential or radial strain to assess whether they were potential confounders. The association of Zc with GLS remained significant after adjusting for all covariates. In contrast, the association of AI with peak radial strain (P = 0.07) and the association of TAC with peak circumferential strain (P = 0.1) were attenuated after adjustment for GLS.
DISCUSSION
The major findings of our study were that: (i) higher pulsatile load, especially a higher Zc, was associated with worse History of cardiovascular disease was defined as history of myocardial infarction, coronary revascularization, or stroke.
Abbreviations: AI, augmentation index; ACEI/ARB, angiotensinconverting enzyme inhibitor/angiotensin II-receptor blocker; GLS, lobal peak longitudinal strain; SVR, systemic vascular resistance; TAC, total arterial compliance; Zc, aortic characteristic impedance.
GLS; (ii) GLS was the mediator of associations of load with LV strain in other directions. Thus, increased proximal aortic stiffness may have an adverse effect on LV longitudinal function in older adults without overt LV dysfunction.
Zc is determined by aortic root stiffness and aortic diameter. It is a measure of the magnitude of pulsatile load during early systole in the absence of wave reflection. 10 A greater Zc reflects mismatch between aortic flow and area. Mitchell et al. 19 and O'Rourke et al. 20 both reported Zc as an important determinant of pulsatile load in older individuals in 2 large population-based studies. Zc was increased in patients with chronic heart failure compared to age-matched controls 21 and inversely correlated with peak systolic tissue velocity. 22 Abbreviations: AI, augmentation index; GLS, global peak longitudinal strain; SVR, systemic vascular resistance; TAC, total arterial compliance; Zc, aortic characteristic impedance. Associations indicated 1% change in GLS corresponding to per SD change in measures of load. Values expressed as regression coefficient β and standardized coefficient β for each variable in multivariate linear regression analysis. Standardized β showed how many standard deviation (SD) changes in GLS could be explained by per SD change in measures of pulsatile load.
Abbreviations: AI, augmentation index; GLS, global peak longitudinal strain; SVR, systemic vascular resistance; TAC, total arterial compliance; Zc, aortic characteristic impedance.
LV deformation is a measure of ventricular function increasingly used in clinical practice as impaired LV deformation, especially in the longitudinal direction, has been reported in different disease settings. 8 Previous studies reported the association of Zc with LV hypertrophy and concentric remodeling, 24, 25 and microvascular damage. 26 Our results suggest that Zc may influence LV mechanics as well.
TAC and AI are 2 other measures of pulsatile load, with one representing global arterial compliance and the other representing wave reflection. TAC is the relative increase in volume over pressure increase in the aorta during mid to late systole. 1 Strain is the summation of deformation mainly determined by the volume change in the ventricle. We found that TAC was associated with LV systolic function in longitudinal and circumferential directions, 2 of the main vectors contributing to LV ejection, consistent with previous studies using tissue Doppler or MR imaging. 23, 27 Adjustment for GLS attenuated the association of TAC or AI with LV strain, suggesting GLS as a primary vector in the association of load with LV deformation. The association of AI with GLS and TAC with peak circumferential strain was not independent of HR, suggesting that HR influences the association of mid-late arterial load with LV deformation, in contrast to the association of early-systolic load (Zc) with GLS.
Three prior studies evaluated the association of measures of pulsatile load with regional LV deformation in communitybased cohorts using tissue Doppler or MR. Sakiewicz et al. 28 found higher pulse pressure to be associated with better radial strain but not with longitudinal strain in young adults (n = 324, mean age 40 years, 57% women, 48% hypertensive). Russo et al. 29 reported greater arterial wave reflection to be associated with lower longitudinal strain in older community-dwellers (n = 301, mean age 8.3 years, 64.1% women, 65% hypertensive). Fernandes et al. 27 found higher carotid arterial compliance to be associated with better mid-wall circumferential strain derived from MR imaging in participants from Multi-Ethnic Study of Atherosclerosis (n = 1,100, mean age 66.3 years, 54% men, 44% hypertensive). Differences in imaging modalities and patient characteristics may explain differences in the results between the studies.
The association of higher AI with better GLS could be due to several possible factors. First, recent studies suggest that AI is influenced by LV function. [30] [31] [32] A vasodilator such as nitroglycerin decreases AI and stroke volume simultaneously, 30 suggesting a positive correlation between AI and preload/LV output. Better GLS correlates with greater relative volume change from end diastole to end systole. Thus, a smaller volume change that is associated with lower AI may lead to worse GLS. Second, higher heart rate was associated with both worse GLS and lower AI. When we adjusted for heart rate, the association of AI with GLS was no longer statistically significant. Whether chronic increase in AI can impair LV contractility will need further investigation.
Our study is the first to report that proximal aortic stiffness measured by Zc is associated with LV GLS and GLS is the primary vector of deformation that is associated with chronic alteration in afterload. Our results suggest that proximal aortic stiffness may impair GLS and lead to arterial-ventricular "decoupling. "
LIMITATIONS
This was a cross-sectional study and the majority of our participants were older adults with hypertension. Patients with poor image quality were likely to have comorbidites, such as obesity or chronic obstructive pulmonary disease. Those who were able to participate and complete functional studies were more likely to be less sick compared with those who were unable to participate. Our results may not be generalizable to adults with greater burden of comorbidity or to younger or normotensive people. In addition, we assessed arterial and ventricular function only at baseline, so our study precludes drawing inferences regarding causality between greater arterial load and LV deformation, including the impact of chronic increase in AI on GLS. We only measured LV strain in longitudinal, circumferential and radial directions, which explained only 21% of variation in LVEF.
In conclusion, in older adults without overt LV dysfunction, higher pulsatile load, especially proximal aortic stiffness measured by Zc, was associated with worse LV global longitudinal function. These results suggest that increased Zc may impair LV function and predispose to adverse outcomes. Follow-up studies are needed to investigate whether: (i) longitudinal change in LV strain corresponds to changes in arterial load during cardiovascular disease progression and (ii) Zc can be target of therapy to improve LV strain and maintain an optimal VA interaction with aging or in the setting of hypertension.
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